Serotonin (5-HT) receptors are valuable molecular targets for antipsychotic drug discovery. Current reported methods for detecting 5-HT receptors, such as cAMP accumulation and calcium influx assay, are often demanding specialized instruments and inconvenient. The luciferase reporter gene assay, based on the responsible-element-regulated expression of luciferase, has been widely applied in the high-throughput functional assay for many targets because of its high sensitivity and reliability. However, 5-HT receptors couple to multiple G-proteins regulate respective downstream signalling pathways and are usually detected using different response elements. Hence, finding a suitable response element to fulfil the detection of different 5-HT receptors and make the results of luciferase reporter gene assays generalizable is very useful for active compounds screening. Here, we conducted three luciferase reporter assays using CRE, NFAT, and SRE response elements attached to 5-HT to detect the activation of different 5-HT receptors in CHO-K1 cells. The potencies and efficacies of the reported ligands (agonists and antagonists) were determined and compared. Our results indicate that CRE-luciferase reporter gene is sensitive and reliable to detect the activities of G protein-coupled 5-HT receptors.
As reported before, the binding of agonists to Gs-coupled 5-HT7A receptor causes a rise in intracellular cAMP, which activates protein kinase A (PKA), phosphorylating a CRE-binding protein (CREB), which then binds to a CRE in the promoter of a target gene, and increases transcription 7 . Several previous studies demonstrated that the stimulation of the 5-HT7A reporter can also activate the expression of luciferase reporter mediated by SRE in NIH3T3 cells and a weak intracellular calcium influx in HEK 293 cells 8, 9 . As for Gq-coupled 5-HT2A receptor, it can induce intracellular calcium influx, which dephosphorylates cytoplasmic NFAT, results in the activation of NFAT response element, and stimulates gene expression. Meanwhile, Gq-coupled receptors can also activate SRE-mediated reporter-gene transcription via protein kinase C (PKC)-dependent MAP kinase activation 7 . Different from 5-HT7A receptor, stimulation of Gi-coupled 5-HT1A receptor decreases intracellular cAMP and reduces CRE-mediated reporter-gene transcription. During the above process, the bc subunits of Gi activate SRE-mediated reporter-gene transcription via Ras-dependent MAP kinase activation 7 . Moreover, the 5-HT1A reporter can also activate intracellular calcium influx in certain cell types 10, 11 . The signalling pathways of three 5-HT receptors were showed in figure 1.
Although the detection of 5-HT receptors activation by the luciferase reporter gene assay have been reported by other groups 8 , the three available response elements mentioned above have not been systemically compared. To simplify the experiments, we tried to determine if the activation of different 5-HT receptors could be detected using a single response element. We compared three different response elements and found that CRE was reliable to be used to detect the activation of three different 5-HT receptors conveniently. Furthermore, the stability of CRE-based luciferase reporter gene assay had been proven with the reported ligands, and a screening of a small compounds library was performed to demonstrate the availability of the assay. In conclusion, our experiments indicate that CRE-based luciferase reporter gene for detecting the activation of G protein-coupled 5-HT receptors is conveniently and effectively.
Results
Activity of 5-HT on different response elements based luciferase assay. For the preliminary experiments, different cell lines were used to transfect the reporter plasmid CRE-luc and the internal control plasmid pRL-SV40. Finally, CHO-K1 and 293T were selected for further analysis because they were widely used in cell transfection. Both cell lines were observed a cAMP-inducible luciferase expression after transfection of the reporter plasmid CRE-luc. Stimulated by 5-HT for 12-24 h, no nonspecific and endogenous activation was observed on CHO-K1 cells, while a significantly expression of luciferase was detected on 293T cells, which indicated that 293T cells may had endogenous receptors ( Fig. 2A) . Therefore, we used the CHO-K1 cell line for all further experiments.
5-HT receptors could be detected by the expression of luciferase linked to three response elements: SRE, CRE and NFAT (Fig. 1) . However, which one is more suitable to be used to establish general screening assay for 5-HT receptors is unclear. We compared the EC 50 values and maximum S/B (Signal/Background, equate to Relative Luciferase Activity) of 5-HT in individual experiments with the three different response elements (Table 1 , Fig. 2B ). When we co-trancfected the 5-HT7A receptor plasmid with different response element-linked luciferase reporter plasmids in CHO-K1 cells, receptor activation by 5-HT could induce dose-dependent expression of luciferase with distinguishable potencies (Fig. 2D-F) , and indicated in Table 1 . The maximum S/B of 5-HT was highest in the CRE-luc reporter assay although the EC 50 value of 5-HT obtained through the CRE-luc reporter assay was slightly larger than those obtained through SRE-luc reporter assays (Fig. 2B ). After activation of 5-HT2A receptor by 5-HT, similar EC 50 value was observed in the NFAT-luc, SRE-luc and CRE-luc reporter assays (Table 1) , but the maximum S/B was the lowest in the NFAT-luc reporter assay (Fig. 2B) . For Gi-coupled 5-HT1A receptor, CRE-luc based assays were usually performed in the presence of forskolin (FSK), a stimulator of adenylylcyclase, to raise the cAMP level so that the inhibition was easier to detect 7 . Compared to 1 mM FSK, 5-HT could achieve a better inhibitory effect when stimulated with 0.5 mM FSK (Fig. 2C) . NFAT-luc based reporter assay was more efficient than SRE-luc reporter assay because of higher maximum S/B and lower EC 50 values of 5-HT (Table 1 , Fig. 2B ). But when we used the NFAT-luc reporter assay to detect the activation of 5-HT1A receptor, Ga16 was need to co-transfected to couple the receptor to calcium mobiliza- tion, inducing dephosphorylates cytoplasmic NFAT and results in gene expression.
Further verification of the reliability of the CRE-based system. As indicated by the results above, the CRE-luc reporter assay looks more efficiently than SRE-luc or NFAT-luc reporter assays for detecting the 5-HT receptors activation. To further optimize this assay, we tried to adjust the amounts and proportions of the plasmids to achieve maximum S/B. We used 5-HT2A receptor as an example and selected five conditions for the experiment and found that the expression levels of luciferase were maximum when the cells were transfected with 5-HT2A expression vectors, CRE-luc and PRL-SV40 at 30, 40, and 90 ng, respectively (Fig. 3A) . The similar results were also observed in the 5-HT1A and 5-HT7A receptors (data not shown). Then, we used several reported agonists and antagonists of 5-HT receptor to find out if CRE-luc assay was suitable for the evaluation of 5-HT receptor ligands. 8-OH-DPAT is a potent agonist of 5-HT1A receptor and a partial agonist of 5-HT7A receptor. It had a weaker effect than 5-HT in the cells transfected with the 5-HT7A receptor, but it had a similar effect to 5-HT in the cells transfected with the 5-HT1A receptor and displayed an inhibition on the expression of luciferase caused by FSK (Fig. 3B, D) . DOI is a potent agonist of 5-HT2A receptor with an estimated EC 50 value of 33.2 nM, which was less than that for 5-HT (0.18 mM) in 5-HT2A transfected cells (Fig. 3C ). All the EC 50 values were shown in Table 1 , and were similar to those reported by previous studies [13] [14] [15] [16] [17] . Methiothepin, a universal antagonist of three 5-HT receptors, could dose-dependently inhibit the expression of the luciferase reporter gene induced by agonists in cells transfected with the 5-HT2A or 5-HT7A receptor (Fig. 3E, F) and caused a rightward parallel shift of the 5-HT dose-response curve when co-incubated with 5-HT in 5-HT1A receptor transfected cell, as expected for a competitive antagonist (Fig. 3B) . 0.1 mM methiothepin could significantly suppress the expression of the luciferase reporter gene in 5-HT2A or 5-HT7A receptor transfected cells if the addition of 5-HT was lower than 1 mM (Fig. 3C, D) . The selective 5-HT2A antagonist Katanserin and the selective 5-HT7A antagonist SB269970 also exhibited inhibition effect and were similar to the previous reports 18 ( Table 1, Fig. 3E, F) . WAY100635, like methiothepin, a selective antagonist of 5-HT1A receptor also caused a rightward parallel shift of the 5-HT dose-response curve in 5-HT1A receptor transfected cells (Fig. 3B) . All the EC 50 and IC 50 values were shown in Table 1 , and were similar to those reported studies. To further identify the reliability of the CRE-based assay, we also performed a cAMP assay, which was usually applied in detecting the activation of 5-HT receptors and the results showed that EC 50 of 5-HT and the IC 50 of methiothepin were similar to those generated by CRE-luc assay in 5-HT1A receptor or 5-HT7A receptor transfected cells (Table 1) .
Screening of a small compound library. In order to verify the ability of the CRE-luc assay, we performed a screening using a small compound library consisting of 133 compounds at 50 mM. Active compounds were defined as those inhibiting at least 50% of the luciferase expression and relative luciferase activity increases to at least 2.0 times. Applying this high threshold, we identified 14 active compounds as agonists and 3 active compounds as antagonist for 5-HT7A receptor; 4 active compounds as agonists and 7 active compounds as antagonist for 5-HT2A receptor. These results demonstrated that the screening assay is available for library screening (Fig. 4) .
Discussion
Over the past several years, although screening methods targeting GPCRs, such as the radio-ligand binding assay, cAMP accumulation assay and calcium influx assay, developed rapidly, but they require specialized instruments and expensive reagents. Furthermore, the radio-ligand binding assay is harmful to humans and the environment. In contrast, the reporter gene assay is nonradioactive, highly sensitive and widely used. As mentioned above, choosing the best response element is important for reporter gene assays. To choose a single response element that was suitable for establishing a general 5-HT targeted screening assay, we compared three response elements in the reporter gene assay systemically.
To detect negative regulation of adenylyl cyclase by Gi-coupled 5-HT1A receptor, the system must first be active. To achieve this, FSK, the direct chemical modulator of adenylyl cyclase, was used. The EC 50 value for FSK may vary depending on cell type and assay type 12 . Thus, it is important to determine the optimal concentration of FSK in our reporter gene assay system, and the EC 50 value of FSK was determined as 0.78 mM in our reporter gene assay system (data not shown). Thus, we used 0.5 mM and 1.0 mM FSK to optimize assay performance, and the data showed that as 5-HT concentration increased, luciferase expression in CRE-luc cells decreased, with EC 50 values of 6.17 nM and 8.56 nM in FSK concentrations of 0.5 mM and 1.0 mM, respectively. Therefore, a concentration of 0.5 mM FSK was used for stimulating the cells in the CRE-based reporter gene assay system. Since the expression of NFAT-luc required the co-transfection of Ga16, and the 5-HT showed less activity in SRE-luc transfected cell (Table 1) , CRE-based reporter gene assay seems more reliable in test of 5-HT1A receptor. For the Gq protein-coupled receptor 5-HT2A, similar EC 50 values were generated when 5-HT was added to the cells transfected with the three different response elements. The CRE-luc and SRE-luc assays showed higher maximum S/B than the NFAT-luc assay, but SREmediated gene transcription is known to be rapidly induced by serum; thus, serum must be removed when transfecting cells with SRE-luc, which may cause cell death. For the Gs protein-coupled 5-HT7A receptor, in the cells transfected with the CRE-based luciferase plasmid, 5-HT generated better EC 50 values and maximum S/B than those transfected by other response elements.
The results suggest that the CRE-luciferase reporter gene assay is more easy to perform and can detect the activation of three types of G-protein coupled 5-HT receptors with a good effect. The reported ligands were used to confirm the reliability of this reporter gene assay and the EC 50 /IC 50 values were similar to those reported in the literature and our cAMP quantification assay. To further confirm the reliability of the CRE-luc assay, we performed a screening of a compound library for 5-HT2A and 5-HT7A receptor. The screening campaign had identified several active compounds and could be developed for novel 5-HT agonist or antagonist in future. In summary, the CRE-based luciferase assay was suitable to monitor the activation of three different 5-HT receptors, and can be easily adapted for compound screening. We suggest that the CRE-based luciferase assay may be also useful for detecting other 5-HT receptors and is beneficial for discovering novel 5-HT receptor ligands. Cell culture. CHO-K1 cells were grown in Dulbecco's modified Eagle's/F12 medium supplemented with 1.2 g/L sodium bicarbonate and 10% carbon absorption foetal bovine serum (FBS). 293T cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% carbon absorption foetal bovine serum (FBS). All cells were grown at 37uC and in an atmosphere of 5% CO 2 .
Cell transfection. Cells were seeded in 48-well plates and a cell monolayer would be 95% confluent at the time of transfection. A suspension of plasmid and Lipofectamine 2000 was preincubated in culture medium without FBS for 20 min before being added to each well of the 48-well plates. After 4-6 h, fresh medium with varied concentrations compounds was added to the wells.
Dual Luciferase Reporter Assay. Approximately 24 h post transfection, the cells were washed twice with PBS. Cell lysates were prepared by adding 100 mL of PLB to each well to break the cells, and the plates were placed on ice for 30 min. The lysates from each well were transferred to wells of white opaque 96-well microplates. DualGloH Reagent was added into each well, and the firefly luminescence was measured in a microplate reader after 10 min. Then, an equal volume of Dual-GloH Stop&Glo Reagent was added to the wells, and the Renilla luminescence was measured after 10 min. Transfection experiments were performed in quadruplicate and were repeated at least three times. Data Analysis. Luciferase activity of each sample was normalized to Renilla luciferase activity to correct for the differences in transfection efficiency. Relative Luciferase activity is expressed as the fold increases over control (Eq. 1) and the percentage inhibition of luciferase were calculated using the formula below (Eq. 2) and the EC 50 and IC 50 values were generated using origin7.5 software.
Relative Lucif erase Activity~F LA=RLA compound FLA=RLA negative control ð1Þ For Relative Luciferase activity, compound is agonist, and the negative control is DMSO control. For percentage inhibition, In all 5-HT2A and 5-HT7A receptors transfected cell assay, positive control is 1 mM agonist and compound is antagonist in the presence of 1 mM agonist, negative control is DMSO, but in 5-HT1A receptor transfected CRE-based assay, positive control is 0.5 mM FSK, compound is agonist in the presence of 0.5 mM FSK.
